Live weight, growth rate and BCS were inconsistently associated with protozoa detection 37 across different samplings and farms. Adjusted WEC was correlated positively with FCS 38 and negatively with faecal DM%, differing between sampling occasions and farms. 39
Cryptosporidium and Giardia associated with reduced lamb carcase productivity. barn-raised lambs (Olson et al., 1995) and infection with Cryptosporidium has been 62 associated with reduced feed intake in cattle (Ralston et al., 2003) , but there is little 63 information on the productivity consequences for lambs with naturally acquired protozoan 64
infections. 65
The most common clinical sign reported in sheep infected with Giardia and 66
Cryptosporidium is diarrhoea (Olson et with a Mediterranean environment (hot, dry summers and cool, wet winters) (Hill et al., 97 2004; Moeller et al., 2008) . Average annual rainfall for the two properties is between 450 -98 500mm and winter stocking rates averaged between 10 -12 dry sheep equivalents per 99 hectare (DSE/ha) (McLaren, 1997) . No cattle or goats were grazed on either property. 100
At marking (day 0 of study), 111 female lambs from Farm A and 124 female lambs 101 from Farm B were randomly selected and identified with a numbered ear tag and a radio-102 frequency ear tag at marking. Faeces were collected directly from the rectum of only these 103 identified female lambs using fresh latex gloves to prevent cross contamination between 104 faecal samples on five occasions, between the first marking sampling (2 -6 weeks of age) 105 and final lairage sampling (7 -8 months of age). Lambs were yarded for weighing, 106 assessment of breech fleece faecal soiling and faecal sample collection on five sampling 107 occasions (Table 1) . Faecal samples were collected from lambs at the final lairage 108 sampling 12 hours before lambs were slaughtered. A total 107 and 119 lambs from Farm 109 A and B respectively, were sampled at all five sampling occasions. 110
All faecal samples were placed in individually labelled, airtight 70ml containers and 111 transported to the laboratory within 6 hours of collection. Faecal samples were stored at 2 112 -4 o C and genomic DNA was extracted from each sample within seven days of collection. 113
The transport and storage practices utilised in this study were consistent with other similar 114 studies that used PCR to detect these parasites (Yang et al., 2009; Ng et al., 2010a ; 115 2010b; Robertson et al., 2010) . Lamb live weight was recorded at all five sampling 116 occasions. Body condition score was recorded at the third, fourth and final samplings by 117 using a scale that ranged from 1 (very thin, emaciated) to 5 (excessively fat) (Sutherland et 118 al., 2010) . 119
Faecal attributes (FCS and faecal DM%) were measured at all sampling occasions. 120
Faecal consistency score was measured using a scale of 1 (hard, dry pellet) to 5 121 (liquid/fluid diarrhoea) previously described (Greeff and 
PCR amplification 167
All faecal samples and genomic livestock water DNA were screened at the 18S 168 rRNA locus for Cryptosporidium and positives were genotyped by sequencing. A two-step 169 nested PCR protocol was used to amplify the 18S rRNA locus of Cryptosporidium 170 previously described by Ryan et al. (2003) , producing a product of ~540bp. All 171
Cryptosporidium positive samples at the 18S rRNA locus were confirmed by another two-172 step nested PCR protocol, conducted to amplify a product of ~830bp at the actin gene of 173 All samples were screened for Giardia at the gdh (glutamate dehydrogenase) gene 183 as previously described by Read et al., (2004) , producing a product of ~480bp. All 184 samples which tested positive for Giardia at the gdh gene, were also screened at the 185 triosephosphate isomerise (tpi) gene with a two-step nested PCR protocol. The primary 186 PCR was performed as described by Sulaiman et al., (2003) . For the second round 187 reaction, assemblage-specific primers and conditions for assemblage A (product ~332bp) 188 and E (product ~388bp) were used as previously described (Geurden et al., 2008; (2009), with PCR reaction mixtures described in an earlier study (Sweeny et al., 2011b) . 
Sequence analysis 207
Positive Cryptosporidium (18S rRNA, actin and gp60), Giardia (gdh) and C. jejuni 208 (16S rRNA) PCR products isolated were purified using an UltraClean TM Insufficient faecal material was available in some samples collected at the first sampling 220
and as a result WEC data were missing for some animals at this time point (Table 1) . 221
Statistical analysis 222
Statistical analysis was performed using SPSS Statistics 17. Lambs that had WEC≥50 epg were classified as strongylid-positive. Lambs were 233
classified as negative (never tested positive at any sampling occasion) or positive (tested 234 positive on at least one sampling occasion) for each of the following: strongylids, 235
Cryptosporidium, Giardia, Eimeria and C. jejuni. Positive-lambs were sub-categorised as 236 positive once (positive on one occasion) or repeat positive (infected on more than one 237 occasion). Lambs were classified according to the number of sampling occasions at which 238 they tested positive for the above pathogens. Overall prevalences were calculated for 239 lambs that were classified as positive for each protozoa genera and strongylid-positive by 240 using the exact binomial method (Thrusfield, 2007) . 241
Lamb growth rate was expressed between sequential sampling occasions as both 242 grams gained/day (g gained/day) and using percentage liveweight change between 243 sampling occasions (% gained/day). For analyses of the relationship between infection 244 and growth rate (g gained/day and % gained/day), lambs classified as positive or negative 245 at either sampling occasion were included in the calculation of the growth rate (i. 
Prevalence of protozoa, strongylid nematodes and Campylobacter jejuni 271
Prevalences of Cryptosporidium and Giardia, Eimeria and strongylid nematodes 272 have been previously reported (Sweeny et al., 2011b) and are summarised in Table 1 . 273
Cryptosporidium and Giardia species/genotypes are presented in Table 2 . Overall 274 strongylid prevalences were 100% for both farms flocks (Table 1) . Cryptosporidium, 275
Giardia, Eimeria and patent T. circumcincta and Trichostrongylus spp. infections were 276 identified on both Farm A and B at all five sampling occasions. Patent H. contortus 277 infections were not detected on either farm. Cryptosporidium point prevalence ranged from 278 31.5 -42.6% for Farm A and 18.5 -42.0% for Farm B across the five sampling occasions. 279
Giardia point prevalence ranged from 21.6 -29.9% at Farm A and 20.3 -29.4% at Farm B 280 (Table 1) . Campylobacter jejuni was detected in 0.9% (1/109, Farm A) and 0.8% (1/119, 281 Farm B) of lamb faecal samples at slaughter, but was not detected in randomly selected 282 faecal samples from either farm on any other sampling occasion (Table 1) . 283
Carcase attributes 284
Detection of Cryptosporidium on at least one sampling occasion was associated 285 with 1.25kg (6.6%) lower HCW for Farm A (P=0.029) and 1.65kg (11.0%) lower HCW for 286 Farm B (P<0.001) ( Table 3) . Lambs positive for Cryptosporidium on two or more occasions 287 had 1.02kg (5.4%) and 1.4kg (9.3%) lower HCW compared to lambs positive for 288
Cryptosporidium once or never at all for Farm A (P=0.015, F=6.10) and Farm B (P<0.001, 289 F=17.43) respectively. There was a trend to 0.69kg (4.6%) lower HCW in lambs positive 290
for Giardia on at least one sampling occasion for Farm B (P=0.065), but not for Farm A 291 (Table 3) . 292
Detection of Cryptosporidium on at least one sampling occasion was associated 293 with 1.7% and 1.9% lower dressing percentages for Farm A (P=0.022) and Farm B 294 (P<0.001) respectively (Table 3) . Lambs positive for Cryptosporidium on two or more 295 occasions had 1.6% lower dressing percentages compared to lambs positive for 296
Cryptosporidium once or never at all for both Farms A (P<0.001, F=8.93) and B (P<0.001, 297 F=12.12). Detection of Giardia on at least one sampling occasion was associated with 298 1.7% lower dressing percentages on Farm B (P<0.001), but not on Farm A (Table 4) . 299
Lambs positive for both Cryptosporidium and Giardia on more than one sampling occasion 300 had 1.9% lower dressing percentages (37.5% ± 0.6) compared to lambs never positive for 301 both protozoa or positive for both on only one occasion (39.4% ± 0.5%) for Farm B 302 (P<0.001, F=11.84). 303
Lambs positive for Giardia on four sampling occasions had lower GR fat depth (2.86 304 ± 0.84mm) compared to lambs in which Giardia was never detected (4.48 ± 0.34mm; 305 P=0.049). Detection of Cryptosporidium or Giardia on at least one occasion was not 306 associated with different GR fat depth for Farm B. No GR fat depth measurements were 307 recorded for lambs from Farm A. 308
Lambs positive for both Cryptosporidium and Giardia at least once out of the five 309 samplings had significantly lighter HCWs by 1.6kg (10.7%) compared to lambs never 310 positive for both Cryptosporidium and Giardia on Farm B only (P=0.001) (Table 3 and 7) . 311
Dressing percentages were 1.9% (P<0.001) and 1.1% (P=0.056) lower in lambs positive 312 for both Cryptosporidium and Giardia on at least one of the five samplings, compared to 313 lambs never testing positive to both protozoa for Farm A and B respectively (Table 3 and  314   7) . 315
There were no significant associations between carcase attributes (HCW, dressing 316 % or GR fat depth) and adjusted WEC or Eimeria for either Farm A or B. 317
Live weight and growth rate 318
Detection of Cryptosporidium or Giardia was associated with adverse 319 consequences for live weight and growth rate, but these observations were not consistent 320 across sampling occasions, farms and protozoa genera. In the unweaned lambs, the 321 average liveweight change (percentage of starting live weight) between the first marking 322 sampling and the second sampling was 0.23%/day lower in Cryptosporidium-positive 323 lambs compared to Cryptosporidium-negative lambs for both Farm A (P=0.041) and Farm 324 B (P=0.037). This reflected a 23g/day difference in growth rate over this period for a lamb 325 weighing 10kg at marking. Average growth rate (g/day) was 38g/day lower in 326
Cryptosporidium-positive lambs compared to Cryptosporidium-negative lambs between the 327 first marking sampling and the second sampling on Farm A (P<0.001) but not Farm B. On 328 Farm B, detection of Cryptosporidium on the sampling occasion either immediately before 329 (third sampling) or after weaning (fourth sampling) was associated with 0.16%/day lower 330 growth rate compared with lambs negative for Cryptosporidium at these occasions 331 (P=0.049). This difference reflected a 20.6g/day difference in growth rate for a 33kg lamb 332 (weaning weight) over this period. 333
Lambs positive for both Cryptosporidium and Giardia (37.32 ± 1.15kg) were lighter 334 than lambs positive for Giardia only (44.53 ± 2.19kg) on the final (slaughter) sampling for 335
Farm B (P=0.013). 336
No other significant effects of protozoa on live weight and growth rate were 337 observed. 338
There was no significant correlation between adjusted WEC and live weight or 339 growth rate on any of the sampling occasions for both farms. There was no difference in 340 the live weight or growth rate of lambs that were strongylid-positive compared to 341 strongylid-negative lambs on any sampling at either farm. Eimeria or adjusted WEC were identified on any other sampling occasion for either farm. 355
Faecal consistency and dry matter 356
Protozoa detection and increased WEC were associated with more loose, wetter 357 faeces, but these findings were not consistent across parasite genera, sampling occasions 358 or farms.
Unweaned (Table 6 ). Where significant correlations were observed, the 379 R 2 ranged from 0.08 to 0.36 (Table 6) 
Discussion 407
This study identified reduced carcase productivity for lambs that tested positive at 408 least once for Cryptosporidium or Giardia between marking (2 -6 weeks old) and 409 slaughter (7 -8 months). Reduced HCWs and dressing percentages were associated with 410 pastures that were contaminated with strongylid nematode larvae. All lambs on both farms 498 were naturally exposed to strongylid larvae and consequently it was not possible to 499 quantify the effect of larval challenge on growth rate, faecal consistency or carcase 500 productivity. There was no correlation observed between adjusted WEC with any carcase 501 productivity, growth rate or live weight attributes, but higher WECs were associated with 502 showed that chemical treatments for cryptosporidiosis had no effect on live weight gain, 517 only significantly reducing the incidence of diarrhoea and oocyst output (Giadinis et al., 518 2007; . However a study in housed Holstein calves, that were orally infected with 519
Giardia trophozoites (two groups of 14), showed the group of calves that received a 520 fenbendazole treatment had increased final live weights and increase growth rates, 521 compared to untreated calves (Geurden et al., 2010) . 522
Also worthy of note is that C. jejuni was isolated by PCR in less than 1% of lambs at 523 slaughter in both flocks. Other studies have reported high prevalences of C. jejuni detected 524 in sheep faecal samples and also in their fleeces and carcases (Gill et al., 1998a; 1998b 
Conclusion 533
Cryptosporidium and Giardia have been reported in sheep raised both under 534 extensive conditions (grazing pastures at low-moderate stocking densities) and intensive 535 conditions (housed), but the productivity consequences of infection on sheep meat 536 production have not been well described. This study identified negative consequences for 537 important carcase profit indicators (carcass weight and dressing percentage) associated 538 with the identification of Cryptosporidium detection (both Farm A and Farm B) and Giardia 539 (Farm B only). Associations were also identified between these protozoa and reduced live 540 weight and more loose faeces (diarrhoea) in lambs, but not at all sampling occasions. The 541 quantifiable differences observed between lambs which tested either positive or negative 542 for these protozoa, supports claims in other studies that these parasites limit productivity of 543 small ruminants (Aloisio et al., 2006) . Further investigation into the consequences between 544 strongylid nematode and protozoa interactions on lamb production will need to be 545 examined to determine the relative importance of these parasites. If protozoa are 546 consistently found to be significantly impacting on productivity performances in a variety of 547 different ruminant models, then further research is needed to determine if vaccines or 548 prophylactic treatments would be cost-effective for livestock enterprises to reduce 549 production losses attributable to protozoa infections. 550
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